www.impactjournals.com/oncotarget/

Oncotarget, Vol. 7, No. 14

miR-342 overexpression results in a synthetic lethal phenotype
in BRCA1-mutant HCC1937 breast cancer cells

Elisabetta Crippa? Marco Folini', Marzia Pennati!, Nadia Zaffaroni', Marco
A. Pierotti?, Manuela Gariboldi'?

1Department of Experimental Oncology and Molecular Medicine, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy
?Molecular Genetics of Cancer, Fondazione Istituto FIRC di Oncologia Molecolare, Milan, Italy

Correspondence to: Manuela Gariboldi, e-mail: manuela.gariboldi@istitutotumori.mi.it
Keywords: miR-342, BIRCé, Apollon/BRUCE, BRCA1-mutant, triple-negative breast cancer
Received: September 21, 2015 Accepted: February 11, 2016 Published: February 23, 2016

ABSTRACT

Expression of miR-342 has been strongly correlated with estrogen receptor (ER)
status in breast cancer, where it is highest in ER-positive and lowest in triple-negative
tumors. We investigated the effects of miR-342 transfection in the triple-negative
breast cancer cell lines MDA-MB-231 and HCC1937, the latter carrying a germ-line
BRCA1 mutation. Reconstitution of miR-342 led to caspase-dependent induction of
apoptosis only in HCC1937 cells, while overexpression of wild-type BRCA1 in HCC1937
cells counteracted miR-342-mediated induction of apoptosis, suggesting that miR-342
overexpression and the lack of functional BRCA1 result in a synthetic lethal phenotype.
Moreover, siRNA-mediated depletion of BRCA1 in MDA-MB-231 cells expressing the
wild-type protein led to apoptosis upon transfection with miR-342. Using an in silico
approach and a luciferase reporter system, we identified and functionally validated the
Baculoviral IAP repeat-containing 6 gene (BIRC6), which encodes the anti-apoptotic
factor Apollon/BRUCE, as a target of miR-342. In our model, BIRC6 likely acts as
a determinant of the miRNA-dependent induction of apoptosis in BRCA1-mutant
HCC1937 cells. Together, our findings suggest a tumor-suppressive function of miR-
342 that could be exploited in the treatment of a subset of BRCA1-mutant hereditary
breast cancers.

repression of translation [5]. miRNAs are involved in
many biological processes, such as the cell cycle, cellular
differentiation, proliferation and apoptosis, where they
can regulate complex gene pathways [6, 7]. Each tissue

INTRODUCTION

Breast cancer (BCa) is the most frequent cancer
diagnosed in women and the leading cause of death

among females worldwide, with an estimated 1.7 million
new cases and 500,000 deaths in 2012 [1]. BCa is a highly
heterogeneous disease characterized by different levels
of estrogen (ER) and progesterone (PR) receptors and
epidermal growth factor receptor 2 (HER2). Based on the
expression of these biopathological features, three major
BCa subgroups have been identified: ER- and PR-positive,
HER2-positive (carrying amplified HER2) and triple-
negative (TNBC, with no expression of hormone receptors
and no HER2 amplification) [2]. Generally, patients with
TNBC have a poorer outcome than other subgroups [3, 4].

MicroRNAs (miRNAs) are small non-coding
RNAs that negatively regulate gene expression through
a mechanism that leads to mRNA degradation or

presents a specific miRNA expression pattern, which is
deregulated when cancer develops. Depending on their
target genes or the pathways involved, miRNAs can act
both as tumor suppressors and as oncogenes (oncomiRs)
[8-10].

Deregulated oncomiRs and tumor-suppressor
miRNAs have been found to be involved in the
development and progression of BCa. In this context,
oncomiRs, such as miR-21, miR-155, miR-10b, miR-
27a and miR-9, have been associated with BCa cell
proliferation and development of metastasis, whereas
tumor-suppressor miRNAs, including members of
the let-7 family, miR-145, miR-200, miR-205, miR-
335 and miR-19a, have been linked to the epithelial-
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mesenchymal transition and cell stemness maintenance
in BCa [11]. miRNAs whose expression levels may
help in distinguishing among BCa subgroups have also
been identified [12]. In light of their pivotal role in gene
regulation and their deregulated levels in cancer, miRNAs
are now considered as very promising targets or tools
for the development of novel anti-cancer therapeutic
approaches [13].

We previously reported that expression of miR-342
was higher in ER-positive tumors and barely detectable
in TNBC [14]. We also showed that miR-342-mediated
reduction of ID4 protein expression resulted in increased
BRCAI1 expression in an in vitro model of TNBC [14],
suggesting that the loss/low levels of the miRNA may
account for the reduced expression of BRCA1 frequently
observed in wild-type BRCA1 BCa. To further investigate
the functional role of miR-342 in BCa, we transfected two
TNBC cell lines with a synthetic precursor of the miRNA.
The ectopic reconstitution of miR-342 expression levels in
HCC1937 BCa cells, which harbor a homozygous loss-of-
function BRCA 1 mutation [15], resulted in the induction of
apoptosis as a consequence of reduced levels of the anti-
apoptotic protein Apollon/BRUCE [16, 17], which we
proved to be a direct miR-342 target. The protein, encoded
by the BIRC6 gene and a member of the inhibitors of
apoptosis protein (IAP) family, plays a critical role in
counteracting apoptosis by inhibiting caspases as well as
SMAC/Diablo [16, 17].

Overall, our data show that miR-342 expression
synergizes with the loss of functional BRCA1 in
promoting apoptosis in HCC1937 TNBC cells, identifying
miR-342 reconstitution as a promising avenue to therapy
in patients with BRCA 1-mutant hereditary BCa.

RESULTS

miR-342 reconstitution activates the intrinsic
apoptotic pathway in HCC1937 cells

Based on evidence that miR-342 induces apoptosis
in cancer cells [18], we assessed whether overexpression
of the miRNA had a similar effect in TNBC cell lines
MDA-MB-231 and HCC1937, which are characterized
by markedly lower miR-342 expression levels compared
to ER-positive cells [14]. qRT-PCR analysis revealed
remarkably higher levels of mature miR-342 in both
cell lines upon transfection with pre-miR-342 precursor
molecule as compared to levels in cells transfected
with a pre-miR negative control oligomer (Figure 1A).
However, cell viability, as measured by MTT assay,
was significantly reduced only in miR-342-transfected
HCC1937 cells (Supplementary Figure 1) in association
with the induction of apoptosis. Indeed, TUNEL assay
showed that the percentage of apoptotic cells was 5-
and 4-fold higher (P<0.001) after a 48- and 72-hours

transfection, respectively, of HCC1937 cells with pre-
miR-342 compared to cells transfected with pre-miR
negative control (Figure 1B). By contrast, the percentage
of apoptotic cells did not differ appreciably between
miR-342-expressing MDA-MB-231 cells and negative
control-transfected cells (Figure 1B). These findings
were consistent with results of flow cytometric analysis
of cleaved caspase-3 (Figure 2A) and with the marked
induction of apoptosis in pre-miR-342-transfected
HCC1937 cells as a function of caspase-3 catalytic activity
(Figure 2B). Moreover, caspase-9 catalytic activity was
significantly increased in HCC1937 cells transfected
with the miRNA precursor (Supplementary Figure 2),
suggesting that miR-342 overexpression contributes to
activating the intrinsic apoptotic pathway in these BRCA I-
mutant cells.

The BRCA I-mutant genetic background favors
the miR-342-mediated apoptotic effect

To assess the possible role of the genetic background
of BRCAI-mutant HCC1937 cells in the apoptosis-
inducing capability of miR-342, we re-introduced the
wild-type form of BRCAI in HCC1937 parental cells.
Western blotting analyses showed an increase of BRCA1
protein abundance in a stable, G418-resistant transfected
clone (HCC1937/"TBRCAT1) (Figure 3A), indicating the
effective restoration of the wild-type protein. TUNEL
assay did not reveal an enhanced rate of apoptotic cell
death in HCC1937/"TBRCAT1 cells with respect to
parental cells (Figure 3B), despite comparable levels of
ectopically-reconstituted miR-342 (Figure 3C). This result
corroborates the involvement of mutant BRCA1 in the
miR-342-mediated apoptotic response and suggests that
overexpression of miR-342 in the context of a mutant
BRCAI genetic background results in a synthetic lethal
phenotype [19]. Indeed, depletion of BRCAI in MDA-
MB-231 cells by an RNAi-mediated silencing approach
led to a marked increase in the percentage of apoptotic
cells upon transfection with the pre-miR-342 compared to
BRCA1-depleted cells transfected with the pre-negative
control (P=0.025) or to scramble-siRNA-transfected
BRCA 1-proficient cells, independently of restored miR-
342 expression levels (Figure 3D and 3E).

miR-342 targets the anti-apoptotic gene BIRC6
in HCC1937 cells

To further investigate the miR-342-mediated
apoptotic effect, we focused on the BIRC6 gene [20],
which we found listed as a miR-342 predicted target in at
least two public target prediction databases (TargetScan
v6.2 and microRNA.org, released August 2010) and
whose inhibition induces caspase-3-dependent apoptosis
in BCa cells [21]. To functionally validate miR-342
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binding to the 3’UTR of B/RC6 and its potential
inhibitory effect on the expression of the gene, we used
a dual luciferase reporter system. Specifically, the 3’UTR
region of BIRC6 containing the predicted miR-342
binding site (Figure 4A) was cloned downstream of the
Firefly luciferase gene and the resulting construct (pLuc-
BIRC6) was transfected into 293T cells in the presence
of the pre-miR-342 or the scramble. A vector containing
a mutation in the putative miR-342 3°UTR binding site
of BIRC6 (pLuc-MUT-BIRC6) was used as control. As
shown in Figure 4B, restoration of miR-342 expression
levels resulted in a ~20% reduction in luciferase activity
(expressed as the ratio of enzyme activity in pre-miR-342-
to scramble precursor-transfected cells) in wild-type pLuc-
BIRC6-transfected cells compared with cells expressing
pLuc-MUT-BIRC6 (P=0.017). Evaluation of endogenous
expression levels of the Apollon/BRUCE protein encoded
by BIRC6 in TNBC cell lines transfected with pre-
miR-342 (Figure 4C) revealed a pronounced reduction of
Apollon/BRUCE protein abundance in HCC1937 cells,
whereas no significant differences in Apollon/BRUCE
protein amounts were observed in miR-342-transfected
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MDA-MB-231 cells carrying wild-type BRCAI. This
observation suggests that the down-modulation of
Apollon/BRUCE by miR-342 and the consequent
miRNA-dependent induction of apoptosis occur only in
the presence of mutant BRCA!. In fact, RNAi-mediated
depletion of BRCAI in MDA-MB-231 cells did not result
in the down-modulation of Apollon/BRUCE expression
(Figure 4C), although these cells underwent apoptosis
upon restoration of miR-342 (Figure 3E). This finding
rules out the possibility that wild-type BRCAL1 acts as an
endogenous miR-342 sponge. Although we cannot exclude
that the lack of changes in Apollon/BRUCE expression
levels upon transfection with pre-miR-342 in MDA-
MB-231 cells reflects changes in the 3’UTR of the gene,
Apollon/BRUCE levels did not change in HCC1937 cells
ectopically expressing full-length BRCA1 (Figure 4C).
Together, these findings suggest that the wild-type form
of BRCA1 prevents recognition of B/RC6 by miR-342 and
that mutant BRCA 1 favors the miR-342-dependent down-
modulation of Apollon/BRUCE.

To confirm that the effect of miR-342 on BIRC6
depends on the presence of mutated BRCA1, we silenced
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Figure 1: miR-342 overexpression induces apoptosis in BRCAI-mutant breast cancer cells. MDA-MB-231 and HCC1937
cells were transfected with pre-miR-342 (black) or pre-miR-negative control (grey) and collected 48 and 72 hours later. A. qRT-PCR data
showing the expression levels of mature miR-342 in breast cancer cells after transfection. Data are expressed as 22 (delta cycle threshold),
which is directly related to the miRNA expression levels in each sample, and represent mean + SD from three independent determinations.
*#*¥P<(.001 vs scramble. B. Quantification of data obtained by TUNEL assay upon miR-342 overexpression. Data are mean £ SD from

three independent determinations. ***P<0.001 vs scramble.
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BIRC6 in both HCC1937 and HCC1937/*BRCAL cells
(Figure 5A) and evaluated the rate of apoptosis after miR-
342 reconstitution. TUNEL assay revealed an enhanced
apoptotic response following the concomitant depletion
of BIRC6 and the overexpression of miR-342 compared
to the single genetic manipulations in HCC1937 cells
with respect to HCC1937/*BRCAL cells (Figure 5B).
This result confirmed that the pro-apoptotic function of
miR-342 is strictly dependent on the presence of mutated
BRCAI and suggested that additional miRNA targets may
be involved in the establishment of the synthetic lethal
phenotype.
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DISCUSSION

Available literature data indicate that miR-
342 expression is deregulated in different tumor
types. Its down-modulation, which is suggestive of
an oncosuppressor function, has been observed in
hematopoietic and lymphoid malignancies, including
early T-cell precursor acute lymphoblastic leukemia [22]
and Sézary syndrome (a rare and aggressive leukemic
variant of cutaneous T-cell lymphoma) [23] and in
acute promyelocytic leukemia (APL) blasts compared
with normal promyelocytes [24]. The miRNA was also
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Figure 2: miR-342 overexpression activates the intrinsic pathway of apoptosis in HCC1937 cells. HCC1937 cells transfected
with pre-miR-342 or with pre-miR-negative control were collected 24 and 48 hours after transfection. A. Representative flow cytometric
detection of cells containing active caspase-3 from three independent experiments. B. Caspase-3 catalytic activity, based on hydrolysis
of a specific fluorogenic substrate. Data are given as relative fluorescence units (r.f.u.) and represent mean + SD from three independent

determinations. ¥*P<0.05 and **P<0.01 vs scramble.
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Figure 3: miR-342 induces apoptosis in a BRCAI-mutant context. A. Representative Western blot from three independent
experiments showing the expression of BRCA1 in HCC1937 cells and in the full-length BRCA1 cDNA-transfected (HCC1937/YTBRCA1)
cells. Vinculin was used as loading control. Data were quantified using Imagelab© software and normalized to vinculin. B. Quantification
of data obtained by TUNEL assay 48 and 72 hours after transfection of pre-miR-342 or scramble in HCC1937 and HCC1937/""BRCA1
cells. Data are mean + SD from at least three independent determinations. ¥*P<0.05 and ***P<0.001 vs scramble. C. qRT-PCR evaluation of
expression levels of mature miR-342 in HCC1937 and HCC1937/"™BRCAL cells after transfection. Data are reported as 24" (delta cycle
threshold) value, which is directly related to the miRNA expression levels in each sample, and represent mean + SD from at least three
independent determinations. ***P<(0.001 vs. scramble. D. A representative Western blot from three independent experiments showing the
BRCAI1 protein amounts in MDA-MB-231 cells as a function of the indicated transfections. Vinculin was used as protein loading control.
E. Quantification of data obtained by TUNEL assay upon siRNA treatment of BRCA1 or of CNTR (control siRNA) followed 48 hours later
by transfection of pre-miR-342 or scramble for 72 hours. Data are mean + SD from at least three independent determinations. *P<0.05 vs

siRNA BRCA1 + scramble.
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found down-modulated in solid tumors, such as lung,
gastric and colorectal cancers [18, 25-27]. However,
little is known about the specific role of miR-342 in
cancer. Reconstitution of miR-342 has been reported to
induce apoptosis in HT29 colorectal cancer cells [18]
but not in APL [28]. More recent studies reported the
ability of this miRNA to counteract cell proliferation and
invasion through inhibition of DNA methyltransferase 1
in SW480 colorectal cancer cells [27] and inhibition of
the transcription factor FOXM1 in cervical cancer cells
[29]. Moreover, high miR-342 expression levels have been
associated with a better response to therapies in different
tumor types. For example, upregulation of miR-342 levels
was observed in APL patients who responded to all-trans
acid retinoic-based therapy [24, 28, 30], and elevated
levels of miR-342 have been associated with a prolonged
time to progression after chemotherapy in gastric cancer
patients [26]. In BCa, miR-342 expression levels have
been correlated with those of ER, which is higher in
tumors with favorable prognosis [12]. In this context,
we previously showed that miR-342 is upregulated in
ER-positive BCa and that its overexpression in a TNBC
cell line increases BRCA1 levels through the down-
modulation of ID4 [14]. Finally, down-modulation of miR-
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342 was described in BCa models resistant to Tamoxifen,
one of the most widely used adjuvant therapies for this
tumor type [31-33]. Our present results support the
tumor-suppressor function of miR-342 observed in other
cancers [ 18], since overexpression of this miRNA induced
apoptosis in a BRCA1-mutant TNBC model.

BRCAT1 not only plays a critical role in multiple
cellular processes, including cell cycle progression,
genomic integrity, development and apoptosis [34],
but also can induce or repress apoptosis, depending on
the type of chemotherapeutic drug used [35]. In fact,
BRCA1 mediates sensitivity to apoptosis induced by anti-
microtubule agents, while BRCA/-mutant cells, defective
in DNA repair, are more sensitive to DNA-damaging
agents that can trigger intracellular cell signals leading to
activation of the intrinsic apoptotic pathway [36]. miRNAs
can control BRCA1 through different mechanisms, either
involving the canonical binding to specific target regions
in the 3’ UTR of the gene, as shown for miR-146, miR-182
and miR-638 [37-39], or by regulating genes that control
BRCAI1 expression, such as the transcription factors D4
and E2F6 or the methyltransferase DNMT1 targeted by
miR-342 and miR-185, respectively [14, 40].
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Figure 4: miR-342 targets BIRC6 and down-modulates Apollon/BRUCE protein in HCC1937 cells. A. Schematic
representation of the interaction of miR-342 at nucleotides 204-210 of the wild-type (wt) and mutated (mut) BIRC6 3’ UTR cloned into
pGL3 promoter vectors (pLuc—BIRC6 and pLuc-MUT-BIRC6). B. Quantification of relative luciferase activity (RLU) in 293 T cells upon
transfection with pre-miR-342 or scramble. Data are given as the ratio between luciferase activity detected in pre-miR-342 vs scramble-
transfected cells and represent mean = SD from at least three independent determinations. *P<0.05. C. Representative Western blot
from three independent experiments showing Apollon/BRUCE protein expression after transfection of pre-miR-342 or of a scramble in
HCC1937, MDA-MB-231, MDA-MB-231 siRNA BRCA 1, and HCC1937/YTBRCA1 cells. Vinculin was used as loading control.

www.impactjournals.com/oncotarget 18599 Oncotarget



Here, we show that overexpression of miR-342
in a mutant BRCA1 background can result in cell death
by triggering apoptosis, a finding supported by the
abrogation of the pro-apoptotic effect of miR-342 upon
reconstitution of wild-type BRCAI expression levels in
the HCC1937 BRCA I-mutant cells. Similar observations
have been described for the inhibitors of poly(ADP)
polymerase (PARP) in BRCA1/2-mutant BCa [41]. The
involvement of miRNAs in synthetic lethality [19, 42]
has also been recently described in retinoblastoma, where
the inactivation of a miR-17-92 cluster has a synthetic
lethal interaction with RB/p53 pathways, resulting in
the suppression of tumor formation [43]. These data
point to the possibility of developing new miRNA-based
therapeutic approaches as a function of specific genetic
backgrounds. As for miR-342, the observed biological
effects attributable to synthetic lethality in a BRCA1-
mutant context could be a promising strategy for treatment
of the large proportion of BRCA1-mutant patients who do
not benefit from therapies involving PARP inhibitors [44].

Our computational approach to searching for
putative targets of miR-342 that could be involved
in apoptosis led us to focus on the BIRC6 gene, which

A

encodes the IAP family member Apollon/BRUCE [16,
17]. We previously showed that Apollon/BRUCE silencing
in BCa cells promoted apoptosis through the activation
of caspase-3 and -9 in a p53 wild-type background [21].
In our TNBC model, overexpression of miR-342 induced
apoptosis by activating the intrinsic apoptotic pathway
and reducing Apollon/BRUCE protein levels only in
the BRCAI-mutant cell line. Moreover, silencing of the
BRCAI gene in MDA-MB-231 cells resulted in apoptosis
after miR-342 introduction. Although the pro-apoptotic
effect of miR-342 may be at least in part due to its
ability to suppress expression of the anti-apoptotic factor
Apollon/BRUCE, which we found to be a direct target
of miR-342, the mechanism by which miR-342 induces
apoptosis only in a specific BRCA/-mutant background
remains unclear. In fact, despite efforts to generalize our
observations, no appreciable effects on cell viability and
BIRC6 expression in MDA-MB-436 and SUM149PT
cells, which carry BRCA1 mutations different than that
found in HCC1937 cells [45], were detected upon miR-
342 reconstitution (Supplementary Figure 1 and data not
shown). However, it should be noted that basal levels of
endogenous miR-342 are higher in these two TNBC cell
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Figure 5: Apollon/BRUCE silencing contributes to miR-342-mediated induction of apoptosis in BRCAI-mutant
HCC1937 cells. A. Representative Western blot from three independent experiments showing Apollon/BRUCE protein amounts in
HCC1937 and HCC1937/%TBRCA1 cells as a function of the indicated transfections. Vinculin was used as loading control. B. Quantification
of data obtained by TUNEL assay upon miR-342 overexpression in HCC1937 (left) and HCC1937/""BRCALI (right) cells. Data are mean
+ SD from three independent determinations. *P<0.05 and **P<0.01
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lines than in HCC1937 cells (Supplementary Figure 3),
raising the possibility that the miR-342-mediated pro-
apoptotic effects rarely occur in cells already accustomed
to relatively high levels of endogenous miRNA. We also
excluded a possible association of miR-342 with mutant
BRCA2, the other gene that predisposes to hereditary
BCa, since its reconstitution did not impair the viability
of BRCA2-mutant HCC1599 TNBC cells (Supplementary
Figure 1).

Although the effects of miR-342 reconstitution
are restricted to a specific genetic background, the
BRCAI mutation found in HCC1937 cells is one of the
most common germ-line mutations in individuals of
Ashkenazi Jewish ancestry and in Central and Eastern
Europeans [46], such that the potential therapeutic
application of miR-342 will benefit a high proportion of
hereditary breast cancer patients. It also remains possible
that miR-342 reconstitution contributes to improving
the efficacy of conventional cancer chemotherapy
(e.g., cyclophosphamide combined with methotrexate
and fluorouracil, adriamycin, and taxane- or platinum-
based therapies) as well as of PARP inhibitors. Further
investigations in vivo are clearly warranted.

MATERIALS AND METHODS

Cell lines

MDA-MB-231 cells were obtained from ATCC
(American Type Culture Collection, Rockville, MD,
USA); HCC1937 cells from DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunscheweig,
Germany); MDA-MB-436 cells from CLS (Cell Lines
Service GmbH, Eppelheim, Germany); SUM149PT cells
from Asterand (Detroit, MI, USA); HCC1599 cells from
DSMZ; and 293T human embryonic kidney cells from
ICLC (Interlab Cell Line Collection, Istituto Nazionale
per la Ricerca sul Cancro, Genova, Italy). Cells were
authenticated at each batch-freezing by STR profiling
(StemElite ID System, Promega, Madison, WI, USA).
MDA-MB-231 cells were grown in RPMI + 5% fetal
bovine serum (FBS); HCC1937 in RPMI + 15% FBS;
MDA-MB-436 in DMEM-Ham's F12 + 10 % FBS;
SUMI149PT in Ham's F12 + 10% FBS + 10 mM Hepes
+ 5 pg/ml human insulint 1 pg/ml hydrocortisone;
HCC1599 in RPMI + 20% FBS; and 293T in DMEM +
10% FBS. All cell lines were maintained as a monolayer
in a humidified 5% CO, atmosphere at 37°C.

Design and synthesis of small interfering (si)
RNAs

Four different siRNAs targeting specific consensus
sequences (AA(N19)TT) within the open reading
frame of BRCAI mRNA (GeneBank accession no.

NM_007294.3) were designed using a siRNA target finder
tool (http://www.ambion.com) (Supplementary Table
1) and chemically synthesized (Eurofins MWG Operon,
Ebersberg, Germany). A blast search was carried out to
exclude any alignment with other sequences in the human
genome. A siRNA (siGENOME non-targeting siRNA#1)
consisting of a scrambled oligonucleotide sequence with
no significant homology to any known human mRNA was
used as control (ThermoScientific Dharmacon, Rockford,
IL, USA). A pool of four different siRNAs targeting
specific consensus sequences within BIRC6 mRNA, as
well as a control siRNA, were obtained as described [21].

Transfection

Cells were seeded in 60-mm dishes and
transfected the next day with pre-miR-342, pre-miR™
precursor molecule ID: PM12328 (mature sequence:
UCUCACACAGAAAUCGACCCGU) (Ambion, Austin,
TX, USA), pre-miR negative control (“scramble’), and
pre-miR™ miRNA precursor molecule, negative control
#1, ID: AM17110 (Ambion) at a final concentration of
50 nM using Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Cells were collected and analyzed at different
intervals after transfection.

HCC1937 cells were transfected with a pcDNA
3.1 plasmid containing the full-length BRCAI gene as
described [47]. The construct was kindly provided by Dr.
M. Montagna, Istituto Oncologico Veneto, Padova, Italy.

Gene-specific and control siRNAs (25 nM for
BRCAI and 50 nM for BIRC6) were transfected into breast
cancer cells using Lipofectamine RNAIMAX (Invitrogen).
After 48 hours, transfection with pre-miR precursor
molecules (50 nM) was carried out and cells collected
after 72 (siBRCA1) or 48 (siApollon/BRUCE) hours.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from cell lines using Trizol
(Life Technologies, Frederick, MD, USA) according to the
manufacturer’s protocol. For miRNA expression analysis,
30 ng of total RNA in a final volume of 15 pL were
reverse-transcribed to cDNA using a high-capacity cDNA
reverse transcription kit and miR-342 specific primer
(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer's instructions. RT-qPCR was carried
out using FAST chemistry (Applied Biosystems) with
the manufacturer-provided miRNA-specific assay in the
ABI PRISM 7900 HT real-time PCR system (Applied
Biosystems). Expression values of miR-342 (002260)
were normalized to RNU6B (001093). Data were analyzed
using Sequence Detector software SDS 2.1.
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Cell viability (MTT) assay

Cells were plated at a density of 6 x 10* in 12-
well plates and, at 72 hours after transfection, incubated
for 3 hours at 37°C in medium containing MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide 0.5 mg/ml, Sigma-Aldrich, St. Louis, MO, USA).
Lysis buffer (10% SDS and 0.01 M HCI in water) was
then added to each well to dissolve the formazan crystals.
Absorbance was measured on a microplate reader (Infinite
M200 TECAN) at a wavelength of 570 nm.

Apoptosis analysis

TUNEL assay was performed using the in situ Cell
Death Detection Kit Fluorescein (Roche, Mannheim,
Germany). Cells were fixed with 2% formaldehyde
in PBS for 20 minutes on ice and incubated with
terminal deoxynucleotidyl transferase and label solution
(fluorescein-dUTP) for 1 hour at 37°C. After washing with
PBS containing 1% BSA, the presence of TUNEL-positive
cells was assessed using a FACSCalibur flow cytometer
(Becton-Dickinson, Franklin Lakes, NJ, USA).

The percentage of cells positive for cleaved
caspase-3 was determined using a rabbit anti-human
cleaved caspase-3 antibody (dilution 1:50, Cell Signaling
Technology, Danvers, MA, USA) followed by staining
with goat FITC-labeled antibody (Cell Signaling) and
assessment by flow cytometry.

The catalytic activity of caspase-3 and caspase-9
was measured as the ability to cleave the specific
substrates N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methyl-
coumarin (DEVD-AMC) and N-acetyl-Leu-Glu-His-Asp-
AMC (LEHD-AMC) using the APOPCYTO/Caspase-3
and APOPCYTO/Caspase-9 Fluorometric Assay Kits
(Medical & Biological Laboratories, Naka-ku Nagoya,
Japan), respectively, according to the manufacturer’s
protocol. Hydrolysis of the specific substrate for each
caspase was monitored by spectrofluorometry with 380-
nm excitation and 460-nm emission filters.

Dual luciferase assays

For luciferase reporter experiments, the 3> UTR
region of BIRC6 gene containing the predicted miR-342
binding site (387 bp) and a variant obtained by introducing
two point mutations (nucleotides 3 and 7) in the seed
region were amplified and cloned into the Xbal site of the
reporter plasmid pGL3 promoter (Promega, Madison, W1,
USA) downstream of the Firefly luciferase gene. The new
vectors were named pLuc-WT-BIRC6 and pLuc-MUT-
BIRCO, respectively. The following primers were used to
amplify specific fragments:

WT-BIRC6:

Forward5’-GCATATTCTAGACTTCGAAGCACA
AGCCAAAT-3’, and

Reverse 5’-GCATATTCTAGAAATTCAGTGAAA
AGTTGCTGACT-3’

MUT-BIRC6:

Forward 5’-GCATATTCTAGACTTCGAAGCACA
AGCCAAAT-3’, and

Reverse 5’-GTTGAACATACCAATCAGTGGTGC
TCCCAATTGAAAAATAAAA

GCACAAAAAAG-3’

For the reporter assays, 5 x 10* 293T cells were
seeded in 24-well plates, grown for 24 hours, and
transfected with 0.1 pg of pLuc-WT-BIRC6 or pLuc-
MUT-BIRCG6 and 0.01 pg of Renilla luciferase pRLTK
plasmid (Promega) together with 100 nM of pre-miR-342
or the scramble using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. After
24 hours, luciferase activity was measured using the
Dual Luciferase Assay kit (Promega), according to the
manufacturer’s instructions. Firefly luciferase activity was
normalized to that of Renilla as a control for transfection
efficiency and reported as relative light units (RLUs).

Western blotting

Western blotting analyses were carried out for
Apollon//BRUCE and BRCA1 protein. After transfection
with miR-342 precursor or negative control, MDA-
MB-231, HCC1937 and HCC1937/"TBRCA1 cells were
trypsinized and resuspended in 1X SDS sample buffer
(62.5 mM Tris-HCI, pH 6.8, 2% w/v SDS, 10% glycerol,
50 mM DTT), supplemented with protease inhibitor
cocktail (Calbiochem, San Diego, CA, USA).

Proteins were quantitated using the BCA protein
assay (Thermo Scientific, Rockford, IL, USA). Protein
extract (40 pg) was loaded on precast 3-8% NuPAGE Tris-
acetate gels for the detection of Apollon/BRUCE and on
a 7% polyacrylamide gel for the detection of BRCA1 and
transferred to nitrocellulose membranes. The following
primary antibodies were used: anti-Apollon/BRUCE
(dilution 1:5000, Abcam, Cambridge, UK); anti-BRCA1
(dilution 1:800, Cell Signaling Technology); and anti-
vinculin (dilution 1:5000, Sigma-Aldrich). Signals were
detected using enhanced chemiluminescence (Thermo
Scientific).

Statistical analyses

Student’s t-test was used to analyze differences
between pre-miR negative control- and pre-miR-342-
transfected cells with respect to qRT-PCR, rate of cell
viability and of apoptosis, detection of cleaved caspase-
3-positive cells, catalytic activity of caspase-3 and
caspase-9, and luciferase activity. P values < 0.05 were
considered statistically significant.

www.impactjournals.com/oncotarget

18602

Oncotarget



ACKNOWLEDGMENTS

The authors thank Dr. Marco Montagna (Istituto
Oncologico Veneto, Padova, Italy) for providing the full-
length BRCA lconstruct; the staff of the IFOM Imaging
Facility for Tunel assay analysis; and the staff of the IFOM
Cell Culture Facility.

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

GRANT SUPPORT

This work was supported in part by grants to MA
Pierotti from AIRC (Associazione Italiana Ricerca Cancro)
and by Ministero della Salute (Tumori Femminili).

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J,
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87-108.

2. Zardavas D, Irrthum A, Swanton C, Piccart M. Clinical

management of breast cancer heterogeneity. Nat Rev Clin
Oncol. 2015; 12:381-394.

3. de Ruijter TC, Veeck J, de Hoon JP, van Engeland M, Tjan-
Heijnen VC. Characteristics of triple-negative breast cancer.
J Cancer Res Clin Oncol. 2011; 137:183-192.

4. Chacon RD, Costanzo MV. Triple-negative breast cancer.
Breast Cancer Res. 2010; 12:S3.

5. Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer.
Annual Rev Pathol. 2014; 9:287-314.

6. Guarnieri DJ, DiLeone RJ. MicroRNAs: a new class of
gene regulators. Annals Med. 2008; 40:197-208.

7. Shah AA, Meese E, Blin N. Profiling of regulatory
microRNA transcriptomes in various biological processes:
areview. ] Applied Genet. 2010; 51:501-507.

8. Calin GA, Croce CM. MicroRNA-cancer connection: the
beginning of a new tale. Cancer Res. 2006; 66:7390-7394.

9. Croce CM. Causes and consequences of microRNA
dysregulation in cancer. Nature Rev Genet. 2009; 10:704-714.

10. Garzon R, Marcucci G, Croce CM. Targeting microRNAs
in cancer: rationale, strategies and challenges. Nature Rev
Drug Discovery. 2010; 9:775-789.

Wang W, Luo YP. MicroRNAs in breast cancer: oncogene
and tumor suppressors with clinical potential. J Zhejiang

Univ Sci B. 2015; 16:18-31.

Lowery AJ, Miller N, Devaney A, McNeill RE, Davoren
PA, Lemetre C, Benes V, Schmidt S, Blake J, Ball G, Kerin
MIJ. MicroRNA signatures predict oestrogen receptor,

11.

12.

progesterone receptor and HER2/neu receptor status in
breast cancer. Breast Cancer Res. 2009; 11:R27.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Nana-Sinkam SP, Croce CM. MicroRNAs as therapeutic
targets in cancer. Transl Res. 2011; 157:216-225.

Crippa E, Lusa L, De Cecco L, Marchesi E, Calin GA,
Radice P, Manoukian S, Peissel B, Daidone MG, Gariboldi
M, Pierotti MA. miR-342 regulates BRCA1 expression
through modulation of ID4 in breast cancer. PLoS One.
2014; 9:¢87039.

Tomlinson GE, Chen TT, Stastny VA, Virmani AK,
Spillman MA, Tonk V, Blum JL, Schneider NR, Wistuba,
1L, Shay JW, Minna JD, Gazdar AF. Characterization of a
breast cancer cell line derived from a germ-line BRCA1
mutation carrier. Cancer Res. 1998; 58:3237-3242.

Qiu XB, Goldberg AL. The membrane-associated inhibitor
of apoptosis protein, BRUCE/Apollon, antagonizes both the
precursor and mature forms of Smac and caspase-9. J Biol
Chem. 2005; 280:174-182.

Hao Y, Sekine K, Kawabata A, Nakamura H, Ishioka T,
Ohata H, Katayama R, Hashimoto C, Zhang X, Noda T,
Tsuruo T, Naito M. Apollon ubiquitinates SMAC and
caspase-9, and has an essential cytoprotection function. Nat
Cell Biol. 2004; 6:849-860.

Grady WM, Parkin RK, Mitchell PS, Lee JH, Kim YH,
Tsuchiya KD, Washington MK, Paraskeva C, Willson JK,
Kaz AM, Kroh EM, Allen A, Fritz BR, Markowitz SD,
Tewari M. Epigenetic silencing of the intronic microRNA
hsa-miR-342 and its host gene EVL in colorectal cancer.
Oncogene. 2008; 27:3880-3888.

Kaelin WG, Jr. The concept of synthetic lethality in the
context of anticancer therapy. Nature Rev Cancer. 2005;
5:689-698.

Saleem M, Qadir MI, Perveen N, Ahmad B, Saleem U,
Irshad T. Inhibitors of apoptotic proteins: new targets
for anticancer therapy. Chem Biol Drug Design. 2013;
82:243-251.

Lopergolo A, Pennati M, Gandellini P, Orlotti NI, Poma
P, Daidone MG, Folini M, Zaffaroni N. Apollon gene
silencing induces apoptosis in breast cancer cells through
p53 stabilisation and caspase-3 activation. Br J Cancer.
2009; 100:739-746.

Coskun E, Neumann M, Schlee C, Liebertz F, Heesch S,
Goekbuget N, Hoelzer D, Baldus CD. MicroRNA profiling
reveals aberrant microRNA expression in adult ETP-ALL
and functional studies implicate a role for miR-222 in acute
leukemia. Leukemia Res. 2013; 37:647-656.

Narducci MG, Arcelli D, Picchio MC, Lazzeri C, Pagani E,
Sampogna F, Scala E, Fadda P, Cristofoletti C, Facchiano
A, Frontani M, Monopoli A, Ferracin M, Negrini M,
Lombardo GA, Caprini E, et al. MicroRNA profiling
reveals that miR-21, miR486 and miR-214 are upregulated
and involved in cell survival in Sezary syndrome. Cell
Death Dis. 2011; 2:el151.

Careccia S, Mainardi S, Pelosi A, Gurtner A, Diverio
D, Riccioni R, Testa U, Pelosi E, Piaggio G, Sacchi A,
Lavorgna S, Lo-Coco F, Blandino G, Levrero M, Rizzo

www.impactjournals.com/oncotarget

18603

Oncotarget



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

MG. A restricted signature of miRNAs distinguishes
APL blasts from normal promyelocytes. Oncogene. 2009;
28:4034-4040.

Dacic S, Kelly L, Shuai Y, Nikiforova MN. miRNA
expression profiling of lung adenocarcinomas: correlation
with mutational status. Mod Pathol. 2010; 23:1577-1582.
Kim CH, Kim HK, Rettig RL, Kim J, Lee ET, Aprelikova
O, Choi 1J, Munroe DJ, Green JE. miRNA signature
associated with outcome of gastric cancer patients following
chemotherapy. BMC Med Genomics. 2011; 4:79.

Wang H, Wu J, Meng X, Ying X, Zuo Y, Liu R, Pan Z,
Kang T, Huang W. MicroRNA-342 inhibits colorectal
cancer cell proliferation and invasion by directly targeting
DNA methyltransferase 1. 2011;
32:1033-1042.

De Marchis ML, Ballarino M, Salvatori B, Puzzolo MC,
Bozzoni I, Fatica A. A new molecular network comprising
PU.1, interferon regulatory factor proteins and miR-342
stimulates ATRA-mediated granulocytic differentiation
of acute promyelocytic leukemia cells. Leukemia. 2009;
23:856-862.

Li XR, Chu HJ, Lv T, Wang L, Kong SF, Dai SZ. miR-
342-3p suppresses proliferation, migration and invasion by

Carcinogenesis.

targeting FOXM1 in human cervical cancer. FEBS Lett.
2014; 588:3298-3307.

Garzon R, Pichiorri F, Palumbo T, Visentini M, Ageilan
R, Cimmino A, Wang H, Sun H, Volinia S, Alder H, Calin
GA, Liu CG, Andreeff M, Croce CM. MicroRNA gene
expression during retinoic acid-induced differentiation of
human acute promyelocytic leukemia. Oncogene. 2007,
26:4148-4157.

Miller TE, Ghoshal K, Ramaswamy B, Roy S, Datta J,
Shapiro CL, Jacob S, Majumder S. MicroRNA-221/222
confers tamoxifen resistance in breast cancer by targeting
p27Kipl. J Biol Chem. 2008; 283:29897-29903.

Cittelly DM, Das PM, Spoelstra NS, Edgerton SM, Richer
JK, Thor AD, Jones FE. Downregulation of miR-342 is
associated with tamoxifen resistant breast tumors. Mol
Cancer. 2010; 9:317.

He YJ, Wu JZ, Ji MH, Ma T, Qiao EQ, Ma R, Tang
JH. miR-342 is associated with estrogen receptor-alpha
expression and response to tamoxifen in breast cancer. Exp
Therapeutic Med. 2013; 5:813-818.

Narod SA, Foulkes WD. BRCA1 and BRCA2: 1994 and
beyond. Nature Rev Cancer. 2004; 4:665-676.

Quinn JE, Kennedy RD, Mullan PB, Gilmore PM, Carty M,
Johnston PG, Harkin DP. BRCA1 functions as a differential
modulator of chemotherapy-induced apoptosis. Cancer Res.
2003; 63:6221-6228.

Nowsheen S, Cooper T, Stanley JA, Yang ES. Synthetic
lethal interactions between EGFR and PARP inhibition in
human triple negative breast cancer cells. PLoS One. 2012;
7:e46614.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Garcia Al, Buisson M, Bertrand P, Rimokh R, Rouleau E,
Lopez BS, Lidereau R, Mikaelian I, Mazoyer S. Down-
regulation of BRCA1 expression by miR-146a and miR-
146b-5p in triple negative sporadic breast cancers. EMBO
Mol Med. 2011; 3:279-290.

Moskwa P, Buffa FM, Pan YF, Panchakshari R, Gottipati
P, Muschel RJ, Beech J, Kulshrestha R, Abdelmohsen
K, Weinstock DM, Gorospe M, Harris AL, Helleday T,
Chowdhury D. miR-182-Mediated Downregulation of
BRCAI1 Impacts DNA Repair and Sensitivity to PARP
Inhibitors. Mol Cell. 2011; 41:210-220.

Tan X, Peng J, Fu Y, An S, Rezaei K, Tabbara S, Teal CB,
Man YG, Brem RF, Fu SW. miR-638 mediated regulation
of BRCAT1 affects DNA repair and sensitivity to UV and
cisplatin in triple negative breast cancer. Breast Cancer Res.
2014; 16:435.

Tang H, Liu P, Yang L, Xie X, Ye F, Wu M, Liu X, Chen
B, Zhang L. miR-185 suppresses tumor proliferation
by directly targeting E2F6 and DNMT1 and indirectly
upregulating BRCA1 in triple-negative breast cancer. Mol
Cancer Ther. 2014; 13:3185-3197.

Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, Santarosa M, Dillon KJ, Hickson I,
Knights C, Martin NM, Jackson SP, Smith GC, Ashworth
A. Targeting the DNA repair defect in BRCA mutant cells
as a therapeutic strategy. Nature. 2005; 434:917-921.

Nijman SM, Friend SH. Cancer. Potential of the synthetic
lethality principle. Science. 2013; 342:809-811.

Nittner D, Lambertz I, Clermont F, Mestdagh P, Kohler C,
Nielsen SJ, Jochemsen A, Speleman F, Vandesompele J,
Dyer MA, Schramm A, Schulte JH, Marine JC. Synthetic
lethality between Rb, p53 and Dicer or miR-17-92 in retinal
progenitors suppresses retinoblastoma formation. Nat Cell
Biol. 2012; 14:958-965.

Wang Z, Wang F, Tang T, Guo C. The role of PARP1 in the
DNA damage response and its application in tumor therapy.
Front Med. 2012; 6:156-164.

Elstrodt F, Hollestelle A, Nagel JH, Gorin M, Wasielewski
M, van den Ouweland A, Merajver SD, Ethier SP, Schutte
M. BRCA1 mutation analysis of 41 human breast cancer
cell lines reveals three new deleterious mutants. Cancer
Res. 2006; 66:41-45.

Takano EA, Mitchell G, Fox SB, Dobrovic A. Rapid detection
of carriers with BRCA1 and BRCA2 mutations using high
resolution melting analysis. BMC Cancer. 2008; 8:59.

Tassone P, Tagliaferri P, Perricelli A, Blotta S, Quaresima
B, Martelli ML, Goel A, Barbieri V, Costanzo F,
Boland CR, Venuta S. BRCA1 expression modulates
chemosensitivity of BRCA1-defective HCC1937 human
breast cancer cells. Br J Cancer. 2003; 88:1285-1291.

WWWwW

.impactjournals.com/oncotarget

18604

Oncotarget



